Historically, it was assumed that the light-evoked neural signals driving the human pupillary light reflex (PLR) originated exclusively from rod and cone photoreceptors. However, a novel melanopsin-containing photoreceptive cell class has recently been discovered in the mammalian retina. These intrinsically-photosensitive retinal ganglion cells (ipRGCs) project to the pretectum, the retinorecipient area of the brain responsible for the PLR. This study was therefore designed to examine the relative contribution of rod, cone and the melanopsin photoresponses of ipRGCs to the human PLR. We establish that the melanopsin photoresponse of ipRGCs contributes significantly to the maintenance of half maximal pupilloconstriction in response to light stimuli of 30 s or longer, even at low photopic irradiances. Furthermore, we show that the melanopsin photoresponse contributes significantly to three-quarter maximal pupilloconstriction in response to light stimuli as short as 2 s. We also demonstrate that cone photoresponses driving pupilloconstriction adapt considerably and contribute little after 30 s, but rod photoresponses adapt less and contribute significantly to the maintenance of pupilloconstriction in response to steady-state light stimuli at irradiance levels which are below the threshold of the melanopsin photoresponse.
Introduction
The pupillary light reflex (PLR) is a well studied neurological reflex characterized by a reduction in pupil diameter in response to an increase in retinal illumination. The PLR is an important clinical metric of retinal, midbrain and autonomic function (Girkin, 2003; Kawasaki, 2005) as well as being a major determinate of retinal image quality (Campbell & Gregory, 1960; Hirata, Yamaji, Sakai, & Usui, 2003; McDougal & Gamlin, 2008) . Although it is well accepted that the major afferent influence on pupil diameter is environmental light levels, the nature of the light signal and the receptors responsible for its origin have historically been the subject of much disagreement (e.g. Loewenfeld & Lowenstein, 1993; ten Doesschate & Alpern, 1965) . Such disagreements are now more understandable given the recent discovery of the retinal photopigment, melanopsin (Provencio et al., 2000) , expressed by a novel class of retinal ganglion cells, which have been shown to contribute to the human PLR Mure et al., 2009; Young & Kimura, 2008 ).
Intrinsically-photosensitive retinal ganglion cells
Recently, in mice and non-human primates, a class of retinal ganglion cells has been reported that express melanopsin (Dacey et al., 2005; Gooley, Lu, Chou, Scammell, & Saper, 2001; Hattar, Liao, Takao, Berson, & Yau, 2002) , and are intrinsically photosensitive (Berson, Dunn, & Takao, 2002; Dacey et al., 2005) . In addition to their intrinsic photosignal, these cells receive rod and cone inputs (Dacey et al., 2005; Jusuf, Lee, Hannibal, & Grunert, 2007) . These cells have been termed intrinsically-photosensitive retinal ganglion cells (ipRGCs). The three primary projections of ipRGCs are the pretectum, the midbrain region associated with the PLR, the suprachiasmatic nucleus (SCN), the area of the brain responsible for circadian rhythms, and the intergeniculate leaflet (Dacey et al., 2005; Hattar et al., 2002 Hattar et al., , 2006 . Although ipRGCs receive rod and cone inputs, their unique intrinsic photosensitivity ensures that they encode photic information differently from all other retinal ganglion cell types. In response to a pulse of light, these cells show a characteristic transient burst of firing at stimulus onset, which rapidly decays to a plateau of sustained firing that often extends well past stimulus offset Dacey et al., 2005; Tu et al., 2005; Wong, Dunn, Graham, & Berson, 2007) . It has been suggested that the initial burst of firing at stimulus onset is mediated by photoreceptors of the outer retina, while the sustained firing is driven by the melanopsin mediated intrinsic Initial studies investigating the influence of ipRGCs on the PLR utilized the mouse model, which allowed for the genetic manipulation of the different photoresponses involved in the reflex. It was shown that the PLR was present in rodless/coneless (rd/rd cl) mice, although the latency to maximal constriction was increased, and the irradiance needed to produce an equivalent constriction was higher than in wild type mice (Lucas, Douglas, & Foster, 2001) . A subsequent study investigating the PLR in melanopsin knockout mice (opn4 À/À) found the PLR to be aberrant at high irradiances in these animals .
Studies involving human and non-human primates have demonstrated a role for ipRGCs in the primate PLR. Gamlin et al. (2007) found that when outer retinal photoreceptive signals were blocked pharmacologically, the PLR persisted in macaques, and that the spectral sensitivity of the residual response was closely matched by the spectral sensitivity of melanopsin, which is maximally sensitive to 483 nm light. In addition, this study found that in both humans and macaques, the melanopsin photoresponse of ipRGCs is responsible for the post-illumination pupillary constriction which is seen following a period of high intensity light stimuli (Alpern & Ohba, 1972; Newsome, 1971) .
Studies conducted prior to the discovery of melanopsin, also suggest that ipRGCs contribute to the human PLR. It has been shown that the pupils of rod achromats continues to respond to light increments well over levels commonly accepted to saturate rod photoreceptors (Alpern, Falls, & Lee, 1960) , thus implying that an additional photopigment is involved in the pupillary responses of these individuals. Additionally, spectral sensitivity measurements of pupillary constriction to steady-state illumination have shown short wavelength sensitivity that is not well matched by either rod or S-cone contributions (Bouma, 1962; Laurens, 1923) . Historical investigations of the response dynamics of the PLR are also suggestive of a role for ipRGCs in the behavior of the pupil in response to light increments. Several investigators have proposed models of pupillary dynamics which utilize both a transient and sustained component to the PLR (Kohn & Clynes, 1969; Privitera & Stark, 2006; Young, Han, & Wu, 1993) . These transient/sustained dynamics are very similar to the cellular response of ipRGCs.
Two recent studies have investigated the influence of melanopsin on the human PLR. A brief report by Young and Kimura (2008) , which reanalyzed previous data, reported the relative contribution of short and long wavelength light to the sustained component of the PLR, and suggested that melanopsin plays a role in the response. However, since this study did not examine the complete spectral sensitivity of the PLR, a more rigorous investigation is required to confirm the influence of melanopsin on the human PLR. In addition, Young and Kimura (2008) examined light-driven pupillary responses of 10 s or less, while the full contribution of the melanopsin photoresponse to steady-state pupil constriction is expected to develop with longer stimulus durations. A study by Mure et al. (2009) utilized the spectral sensitivity of the human PLR to investigate the possibility that melanopsin acts as a bistable photopigment similar to that of invertebrate opsins. Although spectral sensitivity data was generated for multiple stimulus durations, the bulk of their analysis was directed at ascertaining the existence of melanopsin bistability. Therefore, the present study was undertaken to more fully describe the relative contributions of rod, cone, and melanopsin light responses to the spectral sensitivity and response dynamics of the pupil during long light stimuli, and to compare these responses to those obtained with briefer stimuli.
Methods

Subjects
Six subjects participated in at least one of the three different experimental conditions of this study. All subjects had normal corrected visual acuity and normal color vision as measured by the Nagel anomaloscope, Farnsworth D-15, and HRR plate test. Subjects A, B, D, and F were males ages 33, 29, 51, and 27 years, respectively. Subjects C and E were females ages 33 and 40 years, respectively. Subjects D and E required approximately +2 diopters of visual correction. Three subjects (A, B, and F) participated in experiment 1. Five subjects (A-E) participated in experiment 2. Three subjects (A-C) participated in experiment 3. All experimental procedures were approved by the UAB Institutional Review Board, and were undertaken with the understanding and written consent of each subject.
Recording procedures
During experimental sessions, both of the subject's eyes were visualized under infrared illumination via video camera. Pupil diameters were measured in both eyes using ISCAN RK406 pupillometer systems, which were calibrated with apertures of known diameters placed at the plane of the subject's eyes. The positions of the right eye, left eye, and pupil diameters were sampled at 500 Hz. All samples were stored on computer disk for later analysis.
Behavioral task
Measurement of the subject's consensual PLR in response to monochromatic light stimuli was determined during the following behavioral task. Prior to each experimental session, the subject's right eye was dilated with topical 1% tropicamide in order to keep the pupillary response in an open-loop condition. Throughout an experimental session, the subjects' right eye was precisely aligned with the optical system and a 2°black cross was visible to the subject's right eye at all times. At the onset of a behavior trial, a target generated on a computer monitor (2°white cross, 1 cd/m 2 ) was presented to the subject's left eyes at optical infinity via a badal lens system (see Bennett, Rabbetts, & Bennett, 1998) . The subject was instructed to fuse both targets and during this time a baseline measurement of pupil diameter was recorded. Throughout the behavioral task, the subject could visualize both targets, and was instructed to minimize and report any blurring or disassociation of the two targets which would indicate an undesirable change in accommodation or vergence angle. In this way, changes in accommodation and vergence angle, which could act as confounding influences in these experiments, were minimized.
Approximately twelve seconds after the onset of the white cross, a monochromatic light stimulus subtending 36°was presented in Maxwellian view to the right eye for approximately 4, 12, 34, or 110 s depending on the duration condition being assessed. The monochromatic light stimulus (9.5-15 log quanta/ cm 2 /s) was generated with 10 narrow band pass interference filters (8-10 nm full width at half maximum, Andover Corp.) between 450 nm and 650 nm. The spectral transmission through each of the interference filters used was shown to be reduced by at least 3 log units within a 15 nm deviation from the wavelength of peak transmission, as measured by a PR-680 spectroradiometer (Photo Research, Inc). The exact timing of the stimulus onset and offset relative to the start of the behavioral task was varied randomly in order to prevent anticipation of the former by the subjects. In all cases, stimulus generation was under computer control, including a stepper-controlled counter rotating variable neutral-density filters, a 10-position filter wheel, and a mechanical shutter. An IL1700 Radiometer/Photometer System (International Light Technologies Inc.) was used to calibrate retinal irradiance at each wavelength.
Experimental procedure
The spectral sensitivity data collected in the present study follows the general procedures set out by Webster et al. (1968) , which allows for the more rapid assessment of a predetermined pupillary criterion response. In short, the real time measurement of the changes in pupil diameter allows for the use of a modified method of adjustment in which the irradiance necessary to produce a given criterion response at any wavelength of stimuli can quickly be estimated. In the present experiment this entailed modifying the intensity of the stimuli presented to the subject at each wavelength based on real time measurements of the change in pupil diameter induced by prior stimuli, i.e., increasing stimulus intensity if previous stimuli induced a response which was below the criterion response or vice versa. In this way, a rough estimate of the irradiance necessary to produce a criterion response could be estimated within 2-4 stimulus presentations. Data were then collected only at a narrow range of irradiances (±.75 log quanta/ cm 2 /s) above and below this estimate. A more precise measure of the irradiance necessary to produce the criterion response at each wavelength was determined through post hoc analysis (see Section 2.5 for details). An additional benefit of this approach is that the calculation of the irradiance required to produce the criterion response is generated from multiple repeats within a narrow range of irradiances, thus more precisely defining the irradiance response relationship at or near the criterion response. In addition, this method prevents potentially confounding influences hampering earlier studies of spectral sensitivity of the consensual PLR (i.e. Wagman & Gullberg, 1942 ) (see Section 4.6 for more detail). The same general procedures were utilized in each experimental session, and were as follows. Given the suggestion that the intrinsic response of ipRGCs is mediated by a bistable photopigment (Melyan, Tarttelin, Bellingham, Lucas, & Hankins, 2005; Mure, Rieux, Hattar, & Cooper, 2007; Mure et al., 2009 ), we were concerned that a pseudorandom presentation of the different wavelength stimuli could introduce a confounding potentiation of subsequent wavelength responses. Therefore, to control for any such confounds, we systematically moved through the different wavelength stimuli in an alternating sequence from short to long wavelengths and from long to short wavelengths. Each session started by measuring a subject's responses to three stimuli of either the longest or shortest wavelength used in a particular condition, followed by three repeats at the next wavelength, etc., until the subject had been tested at all wavelengths used in a particular condition. The subject was then offered a break, and subsequently this procedure was repeated, but the wavelengths were presented in reverse order, i.e., either from short to long wavelength or long to short wavelength based on the previous sequence. The same procedure was followed a third and final time following a brief break. In this way the subjects' pupillary responses at each wavelength were assessed a total of nine times during an experimental session. There was no evidence of a sequence effect in the measured pupillary responses. Inter-trial intervals were approximately two minutes in duration during which the subject was either kept in darkness in experiment 1 or was continually exposed to an adapting background in experiments 2 and 3 (see Section 3.2). A slight deviation from this procedure was necessary for the 100 s duration condition, in which time permitted the measurement of only one trial per wavelength per sequence for a total of three trials per wavelength.
Data analysis
The pupil diameter of the subject's left eye was continuously recorded during each behavioral trial and these data were collected to computer via an A/D convertor board (National Instruments Corp.) for analysis offline. The procedures for these analyses were as follows. Baseline pupillary diameter was measured during the 5 s immediately preceding the onset of the test stimulus. Initially, the average baseline pupil diameter for all trials in a given experimental session was calculated and used to determine the precise value of the criterion response, i.e., 1/2 or 3/4 maximal pupillary constriction, for that particular experimental condition. These values varied as much as 0.8 mm between subjects based on their typical resting pupil diameter, yet they were very consistent (±0.1 mm) for the same subject over different experimental sessions. Any trials with baselines that deviated ±0.5 mm from the average baseline for the session were excluded from further analysis due to the possibility that this deviation indicated a possible confounding influence on pupil diameter during that trial, e.g. a reduction in pupil diameter due to subject fatigue or sleepiness.
The change in pupil diameter produced by a given stimulus was determined by subtracting the baseline pupil diameter from the pupil diameter measured during a specific interval immediately prior to the cessation of the test stimulus. The light induced pupillary diameter was always measured for an interval centered at 1, 3.16, 10, 17.8, 31.6 or 100 s (0-2 log seconds) with the interval defined by 15% of the stimulus duration (Fig. 1) . For example, the light induced change in pupillary diameter produced by a 10 s trial would be generated by measuring the average diameter of a subjects pupil during an interval from 9.25 s to 10.75 s after stimulus onset (1.5 s interval centered at 10 s), which is then subtracted from the average pupil diameter measured during an interval from 0 to 5 s before stimulus onset for that individual trial.
The differences in pupil diameter produced by each presentation of a single monochromatic stimulus were plotted as a function of irradiance. Previous findings indicate a linear relationship between irradiance and pupillary constriction at half maximal constriction in primates , therefore a linear regression analysis was performed on the scatter plot and a regression function was generated for each individual wavelength used during the session. This function was then used to predict the irradiance necessary to produce the criterion response at that wavelength. An individual spectral sensitivity plot was then generated using the data from all wavelength utilized, and corrected for prereceptoral filtering based on the subject's age using the method of Pokorny, Smith, and Lutze (1987) . Average spectral sensitivities across subjects were produced by aligning each of the subject's spectral sensitivity plots relative to each other in order to produce the least scatter between all the curves via the Excel solver routine. Once the scatter had been minimized, an average of the values at each wavelength was generated.
Curve fitting
To produce a smooth function through the average spectral sensitivities, we sought to combine the known sensitivities of the photoreceptive processes influencing ipRGCs. That is to say, that the sensitivity to any particular wavelength would be produced by the combination of the sensitivity of all the photoreceptive processes, both intrinsic and extrinsic, that are sensitive to that particular wavelength. Given that ipRGCs receive outer retinal inputs from rod and cone photoreceptors (Dacey et al., 2005; Tu et al., 2005; Viney et al., 2007; Wong et al., 2007) , the simplest estimation of the spectral sensitivity of ipRGCs would have the form SðkÞ ¼ S inner ðkÞ þ S outer ðkÞ ð 1Þ
where S inner represents the spectral sensitivity of the inner retinal photoreceptive mechanisms of ipRGCs, i.e., the melanopsin mediated intrinsic response, and S outer represents the outer retinal inputs received by ipRGCs. If we first concern ourselves with the S outer term, we can further define this as a combination of rod and cone inputs.
S outer ðkÞ ¼ S rods ðkÞ þ S cones ðkÞ ð 2Þ
To move from the theoretical model of Eq.
(1) to a more specific mathematical prediction of the spectral sensitivity of the outer retinal photoreceptive signal impinging on ipRGCs, one must address how the spectral sensitivity of each individual cell type is combined to produce the composite sensitivity. It has been proposed by Quick (1974) that the total sensitivity of an array of elements each having different individual sensitivities can be modeled with a function of the form
where S is sensitivity of the entire array and the parameter k defines how the individual sensitivities are combined. This model, often termed the Quick pooling model, has been successfully used to model the sensitivity of a variety of visual functions, such as contrast sensitivity (Robson & Graham, 1981) , mesopic spectral sensitivity (Kurtenbach, Meierkord, & Kremers, 1999) and increment threshold spectral sensitivity (Miyahara, Pokorny, & Smith, 1996) . A more complete description of the Quick pooling model can be found in Graham (2001) .To produce a more precise estimation of where S V'lambda is the CIE scotopic luminosity function, and where S lws and S mws are the LWS and MWS Stockman and Sharpe 10°cone fundamentals, respectively, (Stockman & Sharpe, 2000) , and p defines the LWS/MWS cone ratio. In order to limit the free parameters involved in fitting the function to the data, the LWS/MWS ratio was fixed at 1.625 (p = 0.62), which is the LWS/MWS ratio of the standard observer (Pokorny, Jin, & Smith, 1993) . The addition or subtraction of a SWS cone signal did not improve the fit of the function to that of any spectral sensitivity data collected in the present study, and therefore was omitted from the current model. This was expected, as it has been previously suggested that primate ipRGCs receive only MWS and LWS ON inputs (Dacey et al., 2005) . All spectral sensitivity templates were corrected for prereceptoral filtering in order to convert the corneal sensitivity functions to retinal sensitivity functions. The prereceptoral filtering estimates were produced by using the average age of the subjects involved in studies on which the templates were generated (e.g. Crawford, 1949; Wald, 1945) and predicting the average prereceptoral filtering based on this average age using the method of Pokorny et al. (1987) . Fig. 2 illustrates the effect of changing the parameters k 1 in Eq. (4) on the composite spectral sensitivity of outer retinal photoreceptive responses. In the simplest case, k = 1, the total sensitivity is defined by the linear sum of the rod and cone sensitivities ( Fig. 2A) . As k increases to values greater than 1, a nonlinear addition of the individual sensitivities occurs, which can be used to approximate a situation of probability summation, where the sensitivity of the array is augmented at the points at which the sensitivities of individual elements in the array overlap over the parameter of interest (Fig. 2C) . Furthermore, as k is increased towards infinity, the sensitivity of the array approaches a situation of ''winner take all", where the most sensitive element in an array at a particular wavelength defines the total sensitivity of the array at that wavelength (Fig. 2E) . Fig. 2 also illustrates the effect of changing the relative sensitivities of the rod and cone signal, i.e., varying the relative values of r and c in Eq. (4), on the composite function while keeping k constant at a value of 1. For example, if a large mesopic stimulus is used to assess spectral sensitivity, the relative contribution of rod photoreceptor sensitivity to the composite sensitivity would be larger than that of cones. This could be modeled by reducing the value of the c parameter relative to r. If c is one-half the value of r, this would yield a function produced by the combination of rod sensitivity with a cone sensitivity 0.316 log units less sensitive than the rod signal (Fig. 2B) . Similarly, if c = 0.1r (Fig. 2D ) or c = 0.03r (Fig. 2F ), the composite function would be comprised of the cone sensitivity reduced by 1 and 1.5 log units, respectively relative to the rod sensitivity.
Following similar reasoning to our combination of outer photoreceptive mechanisms just discussed, Eq. (1) can be converted into the form of Eq. (3),
Given the differing origins and physiology of the photoreceptive mechanisms responsible for the S inner and S outer terms, we allowed for the possibility these two mechanisms might combine differently than the rod and the cone signals in the S outer term. This is reflected in the differentiation of the two k parameters between Eqs. (4) and (7), where k 1 reflects the combination rule for the outer retinal sensitivities and k 2 reflects the combination of the outer retinal signals with the melanopsin photoresponse. Expanding Eq. (7) to reflect the specific spectral sensitivity estimates used in this study and combining it with Eq. (4) yields
where the parameters m, along with the previously discussed parameters r, and c, allow the relative weights of the melanopsin, cone, and rod photoreceptive influences on the total spectral sensitivity to be adjusted, and where S opn4 is a Baylor nomogram (Baylor, Nunn, & Schnapf, 1987 ) with a lambda max at 483 nm. The Microsoft Excel solver routine was used to fit Eq. (8) to each of the spectral sensitivity plots generated in the study. Specifically, the parameters m, c, and r were varied to minimize the sum of squares of the residuals of the function from the collected data. That is to say, that the relative gain of the melanopsin, cone, and rod photoresponses were systematically changed until the deviation of the function from the actual data points at each wavelength measured was minimized. The values of the combination parameters k 1 and k 2 were also optimized by comparing their influence on the goodness of fit of the function to the data. Once the optimal values were determined, they were kept constant for all functional fits to the data (see Section 2.7 for more detail).
Combination of photoresponses
The parameters k 1 and k 2 of Eq. (8) represent the rules of combination for the individual outer retinal photoresponses (k 1 ), and the combination of this composite outer retinal signal with that of the melanopsin photoresponse of ipRGCs (k 2 ). To limit the free parameters involved in the fitting of Eq. (8) to the individual spectral sensitivity plots, we optimized these two parameters, thus allowing a fixed value to be used for each of our curve fitting procedures. To accomplish this optimization, we first sought to determine what k 1 value best represented the combination of rod and cone signals in the outer retinal component of the response. Given that the spectral sensitivities from the 1 and 3.16 s duration conditions of experiment 1 and 2 were driven exclusively by outer retinal photoresponses (see Section 3), we systematically changed the value of k 1 used in our curve fitting of these data and determined its effect on the average goodness of fit (Fig. 3A) . We found that as the value of k 1 approached 1, the goodness of fit improved. This suggests that the outer retinal signal driving the PLR is the result of the linear summation of rod and cone photoresponses. To determine the optimum value of k 2 , we fixed the value of k 1 at 1, and calculated the effect of changing the value of k 2 on the average goodness of fit to the data for long duration conditions which clearly were influenced by the melanopsin photoresponse of ipRGCs (Fig. 3B) . We found that as k 2 became larger, the goodness of fit improved. Given the results of this optimization, the values of k 1 and k 2 were fixed at 1 and 10, respectively, for all subsequent analyses.
Results
The present study was conducted to determine the influence of the melanopsin photoresponse of ipRGCs on the human pupillary light reflex. As with any photoreceptive process, the melanopsin response of ipRGCs has a unique photic sensitivity that can be utilized to indicate its influence on visually driven behaviors. By determining the spectral sensitivity of a behavior and comparing it to known spectral sensitivities of the photoreceptive processes of the human eye, one can ascertain the degree to which each of these process drive the behavior in question.
Experiment 1
Given the known differences in the speed and magnitude of the light adaptation of the inner and outer retinal photoresponses (Dacey et al., 2005; Wong et al., 2007) we first sought to determine if the melanopsin photoresponse of ipRGCs would act to compensate for the light adaptation of outer retinal photoresponses and drive the PLR in response to steady-state light increments. To test this hypothesis, we measured the spectral sensitivity of half-maximal pupillary constriction for light durations increasing from 1 s to 100 s at one-half log second intervals. If our hypothesis was correct, we would expect the spectral sensitivities of the short duration light stimuli to be indicative of outer retinal photoreceptive processes, while the spectral sensitivities of the long duration light responses would indicate a major contribution from the melanopsin photoresponse.
The average spectral sensitivity plots of three subjects are shown in Fig. 4 . As the duration of the light stimulus increases, the wavelength of peak sensitivity changes from 510 nm ( Fig. 4A and B) to 470 nm ( Fig. 4E and F) . The spectral sensitivities at all durations show a reduced sensitivity to long wavelength light, with the sensitivity to long wavelengths relative to short wavelength decreasing from À1 log units for the shortest duration stimulus (Fig. 4A , 610 nm vs. 510 nm) to À2 log units for the longest duration stimulus (Fig. 4E , 610 nm vs. 470 nm). Furthermore, the absolute irradiance necessary to produce half-maximal pupillary constriction at the wavelength of peak sensitivity increases from 10.5 log quanta/cm 2 /s for short duration stimuli ( Fig. 4A and B) to $11.5 log quanta/cm 2 /s for long duration stimuli ( Fig. 4E and   F ). Taken together, these results demonstrate that the peak relative spectral sensitivity of the pupillary response not only shifts towards shorter wavelengths as the duration of the light stimuli increase, but there is also a decrease in the absolute sensitivity of the response. None of the spectral sensitivity plots in Fig. 4 are well fit by a single photopigment nomogram, and therefore must be the result of a combination of two or more different photopigments. In order to ascertain the underlying mechanisms and their relative contributions to the response at each of the duration conditions, a smooth function combining the spectral sensitivities of rods, cones and melanopsin (Eq. (8)) was fit to the data (continuous line in panels A-F). Table 1 list the values of the parameters r, c, and m The average effect on the deviation of the composite spectral sensitivity function from the measured average spectral sensitivity data as (A) the value of k 1 is increased from 1 to 10 (n = 4); (B) The value of k 2 is increased from 1 to 30 (n = 6). Only spectral sensitivity data at duration and experimental conditions which clearly were not influenced by the melanopsin photoresponse, i.e., short duration, half maximal responses, were used to optimize k 1 . For the optimization of k 2 , the value of k 1 was set at 1, and spectral sensitivity data were used only at duration and experimental conditions at which the melanopsin photoresponse was clearly influencing composite spectral sensitivity.
of Eq. (8) that produce the best fit to the data at each duration condition. These values can be thought of as the gain of each of the photoreceptive signals needed to fit the data, and they provide an insight into the relative contribution of the melanopsin, rod, and cone photoresponses to the spectral sensitivity at each duration condition. It is clear from the data of Table 1 , that the outer retinal photoreceptive mechanisms drive the response at 1 s, 3.16 s, and 10 s. Additionally, by comparing the gain values of the rod and cone photoresponses at these duration conditions, it can be concluded that the rod response dominates the spectral sensitivities at these durations, and that the relative contribution of the cone photoresponse decreases systematically from 1 to 10 s. Furthermore, these data indicate that the melanopsin photoresponse contributes significantly to the spectral sensitivity of the response at 17.8, 31.6 s and 100 s. It should be noted that the values in Table 1 only reflect the relative contribution of the melanopsin, rod, and cone photoresponses at each time interval without regard to the decrease in overall absolute sensitivity seen as stimulus duration is increased.
Experiment 2
The most unexpected result of experiment 1 was the significant contribution of the rod photoresponse to the outer retinal photoreceptor component of the spectral sensitivity plots at all duration conditions. Previous investigations of the spectral sensitivity of the human PLR to transient stimulation have reported a greater contribution by L-and M-cone photoresponses Kimura & Young, 1995) than that found in our experiment. These previous experiments were conducted under conditions that may have produced a saturation of the rod photoresponses, and therefore we sought to repeat our initial experiments using a steady-state 510 nm adapting field to selectively adapt the rod photoresponse without stimulating the intrinsic photoresponse, and therefore we utilized a 50 scotopic troland (10.4 log quanta/cm 2 /s) adapting background. This intensity was chosen because it was subthreshold for activation of the melanopsin photoresponse and had previously been shown to produce a significant adaptation of the rod mediated visual processes (Adelson, 1982) .
A further modification of experiment 2 from experiment 1 was the use of an additional long wavelength monochromatic light stimulus. This long wavelength stimulus was added in order to better characterize the cone contribution of the response and to verify that the decrease in long wavelength sensitivity seen in experiment 1 was not due to an opponent mechanism similar to that responsible for the Sloan notch observed in increment threshold spectral sensitivities (e.g. Sperling & Harwerth, 1971) .
The results of experiment 2 are remarkably similar to those of experiment 1 (Fig. 5) . The spectral sensitivity plots at each duration condition show greatest sensitivity to short wavelength light and a marked insensitivity to long wavelength light. This long wavelength insensitivity is evident at both 630 nm and 650 nm, thus showing no evidence of chromatic opponency in the spectral sensitivity of the cone contribution to the PLR. As in experiment 1, there is again a shift in peak sensitivity from 510 nm for the shorter duration conditions (Fig. 5A-C) to 470 nm and 490 nm in the longer duration conditions (Fig. 5D-F) , and again, as stimulus duration increased, an increase in the absolute irradiance was needed to produce a half maximal response.
A function of the form of Eq. (8) was again used to fit a smooth curve to the spectral sensitivity plots (smooth line in each panel of Fig. 5) . The values of the parameters of r, c, and m necessary to produce the best fit to the data in experiment 2 are displayed in Table 2. These parameters show the same general pattern as that found in experiment 1, i.e., the rod photoresponse predominates in the outer retinal signal, and the emergence of the melanopsin photoresponse at the 17.8, 31.6, and 100 s duration conditions.
Experiment 3
It has been demonstrated in numerous studies that a decrease in pupil diameter has a significant impact on retinal image quality by increasing depth of focus (Campbell, 1957; Tucker & Charman, 1975) and reducing the effects of optical aberrations (Campbell & Gubisch, 1966; Williams & Chalupa, 1983; Woodhouse, 1975) . This improvement in retinal image quality leads to a subsequent improvement in visual acuity, and it has been found that a pupil diameter of $3 mm is optimum for visual acuity (Campbell & Gregory, 1960; Campbell & Gubisch, 1966; Tucker & Charman, 1975; Woodhouse, 1975) . Additionally, it has been shown in the murine PLR that the melanopsin photoresponse of ipRGCs is necessary for complete pupillary constriction . Taken together, The left y-axis represents the log spectral sensitivity relative to the most sensitive wavelength at each duration condition. The right y-axis indicates the retinal irradiance necessary to produce the criterion response. The smooth curve through the data points represents the optimal fit to the data using Eq. (8), a mathematical combination of rod, cone, and melanopsin spectral sensitivities based on the Quick pooling model of visual sensitivity (see Section 2 and Table 1 for details). these finding suggest that the melanopsin photoresponse should dominate the spectral sensitivity of pupillary constrictions to diameters optimal for visual acuity, even for short duration stimuli.
To investigate this possibility, we sought to use a paradigm similar to that of experiment 2, except the criterion response was a 3/4 maximal pupil response rather than a 1/2 maximal response. This criterion results in an average pupil diameter near that reported for maximal visual acuity, but is sufficiently below maximal constriction to allow for accurate irradiance estimates using the methods of experiment 1 and 2. The results of experiment 3 using three subjects from experiment 1 and 2 are shown in Fig. 6 . The 1 s duration condition used in experiments 1 and 2 was replaced by a 1.78 s (0.25 log s) duration condition (Fig. 6A ) in experiment 3, since the sluggish nature of the iris musculature prevented 3/4 maximal constriction within 1 s of light onset. The spectral sensitivity plots for all four stimulus duration conditions again showed an increased sensitivity to short wavelength light. As seen in experiments 1 and 2, the insensitivity to long wavelength light increases as the duration of the light stimulus increases. Two major differences between the results of experiment 3 and experiments 1 and 2 were observed. First, as expected the average absolute irradiance needed to produce the three-quarter maximal response increased to $12.5 log quanta/cm 2 /s from an average of $11.0 log quanta/cm 2 /s necessary to produce a half maximal constriction in experiments 1 and 2. Second, for all duration conditions, the wavelength of peak sensitivity is either 490 nm or 470 nm. This suggests that the melanopsin photoresponse is responsible for the peak sensitivity of the response at all duration conditions. This is borne out by the curve fitting parameters used to produce the smooth function through the plots (Table 3) , which indicate the dominance of the melanopsin photoresponse at all duration conditions.
Adaptation of photoresponses
The change in the relative gains of the outer retinal photoresponses over time was an important result of experiments 1 and 2, and much can also be elucidated about the adaptation of the melanopsin photoresponse in experiment 3. By incorporating the decrease in the absolute sensitivity of the response over time with the values of relative gains of each of the three photoresponses involved in the response (Tables 1-3) , it is possible to plot the absolute change in the gain of the photoresponses due to time of light exposure, or more simply their rate of light adaptation. To incorporate the two values in question into a single plot, we first took the log of the curve fitting parameters r, c, and m, thus allowing the . The left y-axis represents the log spectral sensitivity relative to the most sensitive wavelength at each duration condition. The right y-axis indicates the retinal irradiance necessary to produce the criterion response. The smooth curve through the data points represents the optimal fit to the data using Eq. (8), a mathematical combination of rod, cone, and melanopsin spectral sensitivities based on the Quick pooling model of visual sensitivity (see Section 2 and Table 2 for details). . The left yaxis represents the log spectral sensitivity relative to the most sensitive wavelength at each duration condition. The right y-axis indicates the retinal irradiance necessary to produce the criterion response. The smooth curve through the data points represents the optimal fit to the data using Eq. (8), a mathematical combination of rod, cone, and melanopsin spectral sensitivities based on the Quick pooling model of visual sensitivity (see Methods and Table 3 for details). comparison of the relative sensitivities of the responses on a log scale. This allowed for the addition of the decrease in log absolute sensitivity as stimulus duration was increased to the log of the gain components. This combination produced a plot which incorporated both changes in the relative gains of the photoresponses and the global changes in gain in all photoresponses over time (Fig. 7) . In this plot, the change in the absolute gain of each photoresponse relative to the most sensitive response at the shortest time duration is plotted as a function of time for each of the three experiments.
A three parameter single exponential decay function of the form,
was fit to the photoresponse data (smooth lines in Fig. 7A-C) using the curve fitting function in Sigma Plot (SPSS Inc.). The parameters of Eq. (9) give an indication of the rate and magnitude of the adaptation, where A estimates the magnitude of the total loss in log sensitivity from time 0, and the reciprocal of a is the time constant of the decay. Table 4 lists the values of the total loss in log sensitivity, the time constant of the decay, and the R 2 values of the curve fitting for each photoreceptive mechanism under each of the three experimental conditions. Two alterations were made to the above curve fitting process for the melanopsin photoresponse data in experiments 2 and 3. The adaptation data produced for the melanopsin photoresponse in experiment 2 was not well fit by any decay function (see Fig. 7B ), therefore the decay parameters for this condition were omitted from Table 4 . Additionally, the adaptation data produced for the melanopsin photoresponse in experiment 3 indicates an increase in sensitivity from 1.78 to 3.16 s, therefore Eq. (9) was only fit to the data points produced from duration conditions greater than 3.16 s (see Fig. 7C ). This result is not unexpected, as it is consistent with previous studies which showed that the melanopsin photoresponse of ipRGCs often peaked well after light onset Dacey et al., 2005; Wong, Dunn, & Berson, 2005) . The photoresponsive mechanisms all showed light adaptation over time in each of the three experimental paradigms except for the melanopsin photoresponse in experiment 2. In addition, the adaptation parameters associated with each photoresponse showed the same general trend across all three experimental conditions. Although the cone photoresponse adapted at the slowest rate (larger time constants), this photoresponse showed a far greater magnitude of adaption (measured as total loss of sensitivity) than either the melanopsin or the rod photoresponse. Both the rod and melanopsin photoresponses adapted at similar rates, although the rod photoresponse had a greater magnitude of adaptation than the melanopsin photoresponse.
Does light scatter account for observed rod response?
One hypothesis for the apparent tonic contribution of rod photoreceptors to the human PLR is that dark adapted rods in the peripheral retina were unintentionally tonically stimulated due to intraocular light scatter. In order to investigate this hypothesis, we obtained a calculation of the theoretical intensity of intraocular light scatter as a function of retinal eccentricity, which was based on CIE collection 135-1999 (Fig. 8A) . Then, using a back-projection screen and Electrohome Marquee 8500 projector, we generated a light annulus which precisely matched the light scatter produced by the light stimulus used in experiment 2. This stimulus was presented to a dark-adapted subject for 35 s in order to ascertain its impact, if any, on steady-state pupilloconstriction. We determined Fig. 7 . Relative contribution of the rod, cone, and melanopsin photoresponse to the spectral sensitivity of the PLR over time. The time course of light adaptation of the rod (j), cone (Ç), and melanopsin (d) photoresponses while maintaining a half maximal PLR with (A) no background present, (B) a 50 td adapting background, and (C) a three-quarter maximal PLR with a 50 td adapting background. Light adaptation was calculated by the combining the difference in absolute irradiance necessary to maintain these responses with the change in relative contribution of each of the photoresponses to the composite spectral sensitivity function generated for each duration condition of each of the three experiments (see Section 2.4 for details). Each point is relative to the most sensitive photoresponse at the shortest duration condition. The smooth line through each data set is the best fit of a three parameter single exponential decay function to the data. The decay parameters and R 2 values for each curve are reported in Table 4 . that following a robust, transient pupillary constriction, the subject's pupil rapidly redilated, returning to baseline levels within thirty seconds of stimulus onset (Fig. 8B ).
Discussion
Given that the existence of ipRGCs was completely unknown during the bulk of the research investigating the human PLR, there is a large gap in the understanding of the light evoked signals driving the response. The goal of the present study was to address this situation by determining the relative contribution of rods, cones, and the melanopsin photoresponse of ipRGCs to the human PLR at a variety of stimulus parameters. The major findings of this study are that the melanopsin photoresponse of ipRGCs contributes not only to pupillary constriction at high irradiances, but also acts to maintain pupillary diameter in steady-state photopic lighting conditions. We have also characterized how the photic signals of the inner and outer retina dynamically combine to produce pupillary constriction. We found that in response to steady-state light steps, within 10 s of light onset, cones contribute minimally to the maintenance of steady-state pupillary diameter at both low and high photopic irradiances. Furthermore, we have shown that rod contributions to the PLR also adapt over time, but reach a steady-state at which they contribute to steady-state pupillary constriction at irradiances which are below threshold for the melanopsin photoresponse. In addition to their relevance to human PLR, our findings also add to the body of knowledge pertaining to the physiology of ipRGCs themselves. Given the recent evidence that ipRGCs provide all photic signals which drive the murine PLR (Guler et al., 2008) , coupled with our previous study demonstrating a close correspondence between ipRGC physiology and the behavior of the human and non-human primate PLR , we believe that human pupillary responses to light provide a powerful model of the light sensitivity of human ipRGCs.
Comparison to previous studies of the human PLR
Although most previous investigations into the spectral sensitivity of the human PLR were conducted prior to the discovery of ipRGCs, their results are largely in agreement with the results of the present study and therefore add validity to our findings. Reevaluation of the results of these studies is also useful as they provide additional insights into the role of ipRGCs in the human PLR beyond the finding of the present study. Previous studies of the spectral sensitivity of the human PLR can be grouped into two categories based on stimulus duration and methodology. One type of experiment investigated the spectral sensitivity of the PLR to transient light stimulation and the other investigated the spectral sensitivity of the PLR to steady-state light stimuli. The former set of studies generated transient light responses either by the rapid exchange of monochromatic lights Young & Alpern, 1980) , the presentation of brief light stimuli (Krastel, Alexandridis, & Gertz, 1985) , or the measurement of the transient portion of the response to extended light stimuli (Kimura & Young, 1995 . With the exception of Alpern and Campbell (1962) , these studies presented their stimuli on either a bright white or monochromatic adapting field in a paradigm similar to that utilized in psychophysical increment threshold spectral sensitivity experiments (e.g. Sperling & Harwerth, 1971) . In contrast to the spectral sensitivities reported in the present study, the spectral sensitivities generated in these experiments were reminiscent of the three lobed increment threshold spectral sensitivities of the parvocellular cortical visual pathway. It is generally agreed that these spectral sensitivities are a result of descending cortical influences on midbrain pupillary centers and not reflective of the spectral sensitivity of the direct retino-pretectal fibers (Barbur, 1995; Weiskrantz, Cowey, & Barbur, 1999; Wilhelm, Wilhelm, Moro, & Barbur, 2002) . Furthermore, in contrast to the half maximal and three-quarter maximal criterion response utilize in the present study, the criterion pupillary responses used in the previous mentioned studies were generally at or near threshold Kimura & Young, 1995; Krastel et al., 1985; Young & Alpern, 1980) . Taken together, these results show that the spectral sensitivity of the PLR to very brief light stimuli using small criterion responses is not a result of influences of photoresponses originating in ipRGCs, and thus explains the deviations of the spectral sensitivities of the present study from these previous results.
Historical studies investigating the spectral sensitivity of the PLR in response to steady-state light stimuli were primarily focused on the determination of the relative contribution of rod and cones to the PLR. Very similar to the present study, the spectral sensitivity of the response was compared to the known spectral sensitivities of rod and cone driven visual responses, thus producing an estimate of the relative contribution of the two known human photoreceptor classes to the PLR. In an effort to refute earlier claims that the human PLR was driven exclusively by cones (Brown & Page, 1939) , Wagman and Gullberg (1942) examined the spectral sensitivity of the human steady-state PLR for a 0.5 mm criterion re- Fig. 8 . The effect of intraocular light scatter on the rod contribution to our spectral sensitivity measurements. In order to ascertain whether intraocular light scatter may have affected the calculated contribution of the rod photoresponse to our composite spectral sensitivity function, we calculated the actual stimulus profile striking the retina given our 36°stimulus and the effect of intraocular light scatter as specified in CIE collection 135-1999. Panel A is a two-dimensional representation of the actual stimulus profile impinging on the retina and demonstrates the attenuation of our light stimulus for retinal eccentricities greater that ±18°from the central fixation. Panel B shows the average pupillary light response over time (n = 6) of subject A to an annulus (36-140°) which matched the irradiance profile of the light scatter produced by the stimulus used to produce a half maximal PLR in subject A during experiment 1. Note that within 30 s of light onset the subject shows no increase in pupilloconstriction over that measured during the baseline measurement interval 10 s prior to stimulus onset. sponse and generated a spectral sensitivity well matched by the scotopic luminosity function and therefore rod dominated. This result is not unreasonable given the small light evoked change in pupil diameter chosen as a criterion response, and it is consistent with the findings of previous and subsequent studies using the same criterion Laurens, 1923) . It is interesting to note that, although a 0.5 mm criterion response was chosen by the authors, data throughout the complete range of pupillary diameters was collected and published. Using these published irradiance response plots, it is possible to generate a spectral sensitivity of half-maximal pupillary constriction to the steady-state light stimulation. When the data from that study are analyzed in a manner similar to the current study and corrected for prereceptoral filtering (Fig. 9A) , the results are well matched by our data (Fig. 9A) , with a slight deviation at longer wavelengths. Two subsequent studies of the spectral sensitivity of the steadystate PLR produced results that either closely matched our present results (Bouma, 1962) (Fig. 9A) , or deviated significantly from our results (Fig. 9B) .
The deviations of the data of these previous studies from our current work may be explained by the different experimental methodologies utilized in these studies. Both the Wagman and Gullberg (1942) and Alpern and Campbell (1962) studies utilized an experimental design which collected the data on each wavelength during separate experimental sessions, which were often conducted days or weeks apart from each other. It is well known that pupillary responses to light stimuli of similar intensities can fluctuate from day to day in the same individual (Loewenfeld & Lowenstein, 1993) , and given this experimental design, these fluctuations would likely differentially affect the results of each wavelength, thus introducing confounding influences. Additionally, only a single measure of baseline pupillary diameter was established for each wavelength tested. This measurement was taken prior to the onset of the first light stimulus which made up a series of light increments taking between 10 and 20 min to complete. It has been demonstrated that pupillary diameter can be significantly influenced by non-photic processes such as changes in accommodative state (Busettini, Davison, & Gamlin, 2007; Ishikawa, Asakawa, & Yoshitomi, 2004; Kasthurirangan & Glasser, 2005; Marg & Morgan, 1949) , changes in state of arousal (Aston-Jones & Cohen, 2005; Lowenstein, Feinberg, & Loewenfeld, 1963; McLaren, Hauri, Lin, & Harris, 2002; Morad, Lemberg, Yofe, & Dagan, 2000; Wilhelm et al., 2001; Yoss, Moyer, & Hollenhorst, 1970) , or cognitive activity (Beatty, 1982; Beatty & Lucero-Wagoner, 2000; Beatty & Wagoner, 1978; Hess & Polt, 1960) . Any non-photic induced change in baseline pupil diameter during the initial measurement period or during the subsequent light stimuli would produce a cofounding influence on the subject's pupil diameter that would be incorrectly attributed to the light stimulus. This is particularly apparent in the study by Alpern and Campbell (1962) , in which the baseline pupillary diameter measured for the 502 nm and 480 nm stimuli were significantly elevated from that of the other seven wavelength utilized in the study, thus inducing a perceived reduction in the effectiveness of those wavelengths to produce an equivalent change in pupil diameter from baseline. It seems likely that this elevation in baseline pupillary diameter was only transient, thus skewing the measurement of the data collected later in the experiment. If one removes the effect of these likely erroneous baseline measurements by selecting a criterion response of an absolute pupillary diameter of 3.5 mm, thus assuming a similar average baseline for every experimental session, the spectral sensitivity plot produced (Fig. 9B) more closely matched the data of the current study.
A more contemporary study investigating the spectral sensitivity of the PLR to steady-state light stimuli was conducted as part of a study by Kimura and Young (1995) . This study utilized a measurement paradigm similar to the present study in which baseline pupillary diameter was assessed prior to each trial and therefore any non-photic pupillary influences on baseline pupil diameter were appropriately controlled for. Their results for an $0.1 mm criterion response at 3.7 s after stimulus onset utilizing a 1000 td white background (Fig. 9C ) are in very good agreement with our results measured at a similar time interval (Fig. 9C) . In general, historical studies of the spectral sensitivity of the PLR are in close concordance with those generated in the present study, which serves to validate our analysis of the contribution of rod, cone, and melanopsin photoresponses to the PLR.
A recent study by Mure et al. (2009) reports spectral sensitivities of the initial and steady-state human PLR which are largely Bouma, 1962 (N) , and Wagman and Gullberg (1942) (j) of the spectral sensitivity of the human PLR in response to steady-state light stimuli. Conversely, (B) our data (d) is not in agreement with the report by Alpern and Campbell (1962) (j) of the spectral sensitivity of steady-state PLR. However, when the data of Alpern and Campbell (1962) is reanalyzed to correct for possible errors produced by incorrect baseline measurements (N) (see Section 4.6 for details), the results are similar to the results of the current study. (C) Our measured spectral sensitivity of the PLR for shorter stimulus durations (d) is also in good concordance with the spectral sensitivity measured by Kimura and Young (1995) (j) for similar stimulus durations. All previously reported data were converted from corneal illuminance to retinal irradiance when necessary in order to facilitate the comparisons between studies. In panels A and B, the absorbance spectrum of melanopsin is represented by a Baylor nomogram (Baylor et al., 1987) with a lambda max at 483 nm.
in agreement with that of the current study (Fig. 9A) , although our analysis of the underlying mechanisms driving the response differ greatly. Mure et al. propose that the dynamic nature of the spectral sensitivity of the human PLR is due to the bistable nature of melanopsin, and that as stimulus duration is increased the absorbance spectrum is shifted by the light induced transformation of M-state melanopsin into the R-state, with each state having a different peak absorbance. Furthermore, the authors contend that in the steady-state condition, in which a complete transition from M to R states is achieved, the action spectrum of melanopsin would shift to $460 nm, as opposed to the more commonly reported peak of $480 nm (e.g. Berson et al., 2002; Dacey et al., 2005; Gamlin et al., 2007; Hankins & Lucas, 2002; Hattar et al., 2003) . Our data do not support this model, as the short wavelength portion (450-530 nm) of all the spectral sensitivity curves for durations greater than ten seconds in experiments 1 and 2, and greater than 1.78 s in experiment 3 are well fit by vitamin A1 nonmogram with peak absorbance at 483 nm (Figs. 4-6 ). In addition there is no evidence for a shift in peak sensitivity towards 460 nm as stimulus duration is extended, which would be indicated by a shift in peak sensitivity from the 470 nm or 490 nm stimuli to the 450 nm or 470 nm stimuli. Although our data cannot speak to the absence or existence of melanopsin bistability, which was the focus of Mure et al. (2009) , we believe that the shift in the peak sensitivity of our spectral sensitivity data as stimulus duration is increased is best explained by the light adaptation of outer retinal inputs to ipRGCs along with the emergence of a melanopsin mediated light response, which results from the increases in stimulus intensity that are necessary to achieve criterion pupil responses at longer stimulus durations.
Combination of outer and inner retinal photoresponses
An intriguing result of the current study is that the three photoresponses driving the PLR in humans do not appear to linearly combine at the level of ipRGCs, but rather the outer and inner retinal signals act in a ''winner take all" fashion. The results of our optimization of the combination parameters k 1 (1.0) and k 2 (10)
in Eq. (8) suggest that once the melanopsin photoresponse has reached a specific threshold at any particular wavelength (not necessarily the absolute threshold of the response), the spectral sensitivity at that wavelength is completely determined by the spectral sensitivity of melanopsin, while the spectral sensitivity of the response at irradiances below this threshold is determined by a combination of rod and cone spectral sensitivities. This is most convincingly represented by our spectral sensitivity plots generated under steady-state condition, i.e., stimulus durations of 30 s or greater. In all three experiments, the overall steady-state spectral sensitivities were best fit by a combination of the melanopsin and rod spectral sensitivities, with very little contribution by cones. Importantly, at any specific wavelength, the best fit was accomplished by fitting with either the melanopsin (at shorter wavelengths) or rod (at longer wavelengths) spectral sensitivity. Previous studies investigating the murine PLR have produced data which suggest a mechanism by which outer and inner retinal photoresponses combine to drive the PLR. Pupillometric studies of knockout mice lacking either function rods and cones (Lucas et al., 2001) , or a functional melanopsin photoresponse Panda et al., 2003) have shown that the loss of either outer or inner retinal photoresponses causes a defect in the irradiance response dynamics of the PLR as compared to wild type animals. More specifically, mice lacking the melanopsin photoresponse showed a reduced sensitivity to high intensity stimuli (greater than $12 log quanta/cm 2 /s; 470-480 nm) Panda et al., 2003) while mice lacking functional rods and cones showed a reduced sensitivity to all but the highest intensity stimuli (less $13 quanta/cm 2 /s; 470-506 nm) (Lucas et al., 2001 Panda et al., 2003) . As stated in Lucas et al. (2003) , given the complementary nature of these defects, these results suggest that the PLR in wild type animals may be the result of the linear addition of outer and inner retinal photoresponses in response to stimuli above the threshold of the melanopsin photoresponse ($11 log quanta/cm 2 /s; 480 nm). This is clearly a reasonable hypothesis, yet the results of the present study suggest that at a specific threshold of activation, the melanopsin photoresponse acts to shunt the outer retinal signals impinging on ipRGCs, and that the melanopsin photoresponse exclusively drives the PLR above this threshold.
Further support for the shunting of outer retinal signals by activation of the melanopsin photoresponse can be found in a report by Sekaran et al. (2007) , which utilized the rodent PLR as an in vivo function assay of the melanopsin photoresponse. This study reported that an intravitreal injection of a cocktail of glutamate receptor blockers designed to eliminate all outer retinal inputs to ipRGCs caused no significant difference in the PLR evoked by a 480 nm light stimulus with an irradiance of 12 log quanta/cm 2 /s. The stimulus parameters used by Sekaran et al. (2007) clearly fall within the zone of overlap between the PLR irradiance response curves measured in mice lacking either rods and cones or melanopsin, yet it appears that rods and cones are not normally contributing to the response at this retinal irradiance. It is likely that there is an underlying biophysical basis for this ''winner take all" effect. Activation of the melanopsin phototransduction cascade results in the opening of numerous membrane channels, possibly transient receptor potential (TRP) channels, and as a result the input impedance of an ipRGC would significantly decrease. This decrease in input impedance could act to shunt the outer retinal signals impinging on ipRGCs via synaptic inputs from bipolar and/or amacrine cells.
This ''winner take all" phenomenon has a profound influence on the interpretation of the relative influences of rods, cones, and the melanopsin response of ipRGCs in driving the human PLR under broad spectrum lighting conditions, i.e. a light source emitting photons at a wide range of wavelengths. The logical result of this ''winner take all" effect is that pupillary constriction driven by broad spectrum illumination, such as sunlight and typical indoor lighting, would be driven predominantly by either outer retinal photoreceptors or the melanopsin photoresponse. The determination of which photoreceptors would drive the response would be solely dependent on whether the illumination was sub-or suprathreshold for the shunting of outer retinal photoresponses by sufficient activation of the melanopsin photoresponse.
Relative contribution of rods to the human PLR
Although our data suggest that outer retinal photoreceptive inputs are shunted by activation of the melanopsin photoresponse, rods act as the primary drive for the human PLR for light intensities below the threshold for this phenomenon. We determined that following a period of rapid adaptation with a time constant of $8 s, rods continue to provide a tonic light signal capable of driving a relatively sustained level of pupillary constriction in response to steady-state light stimuli. This tonic rod signal compensates for the relative insensitivity of the melanopsin photoresponse to light, and acts to drive and maintain pupillary constriction at all light intensities below the threshold of melanopsin as well as augmenting the sensitivity of the human PLR to long wavelength light.
This rapid adaptation of the rod photoresponse may also explain the small difference observed between the results of experiments 1 and 2 despite the use of an adapting background in experiment 2. It seems likely that the rods adapted rapidly, and therefore were able to respond to the monochromatic stimuli despite the presence of the background field. This is not unreasonable, as a background of between 3 and 4 log trolands would be necessary to completely saturate the rod photoresponse (Adelson, 1982) . However, it would have been impossible to utilize a background intensity such as this in the present study, as the use of adapting backgrounds with an intensity greater than 50 trolands activated the melanopsin photoresponse and had a significant influence on baseline pupillary diameters (unpublished observation).
Recent studies using multi-electrode arrays to record ipRGCs have produced data which supports the existence of a tonic rod signal similar to that found in the present study (Tu et al., 2005; Wong et al., 2007) . In particular, Wong et al. (2007) reported that the activity of ipRGCs in response to light stimuli well below the threshold of the melanopsin mediated intrinsic response was characterized by a tonic firing rate quite unlike the responses of conventional RGCs, as it was maintained throughout the entire duration of the light stimuli. The authors presumed this to be mediated by rods, and the findings of the present study support this assumption.
It has been recently shown in the rat retina that rod bipolar cells synapse directly onto ipRGCs (Østergaard, Hannibal, & Fahrenkrug, 2007) , thus circumventing the conventional rod pathway through cone bipolar cell via AII amacrine cell gap junctions. This pathway could provide a conduit for a sustained rod signal which avoids the traditional shunting by cone responses which occurs in the conventional retinal circuitry at high irradiances. In addition, recent preliminary reports suggest that rod signals may reach ipRGCs via cone bipolar cells (Dumitrescu, Pucci, Wong, & Berson, 2009; Hoshi, Liu, Massey, & Mills, 2009; Weng & Berson, 2009) .
Given the tonic nature of the melanopsin photoresponse in the initial investigations of ipRGC physiology, it was assumed that the melanopsin photoresponse was required for the maintenance of non-image forming (NIF) behavior in steady-state lighting conditions. Our findings suggest that rod photoresponses are also capable of maintaining the PLR under steady-state lighting conditions as well, and therefore suggest that this assumption may not be valid. A recent study of the spectral sensitivity of negative masking of locomotor behavior in mice also suggests a role for outer photoreceptive inputs in augmentation of the melanopsin photoresponse under steady-state lighting conditions (Thompson, Foster, Stone, Sheffield, & Mrosovsky, 2008) . These results indicate that the melanopsin photoresponse is not exclusively responsible for the maintenance of NIF functions under extended lighting conditions. As noted in Thompson et al. (2008) , this serves to explain how significant functionality of the NIF behavior was maintained in studies of melanopsin knockout mice Lucas et al., 2003; Panda et al., 2003) .
It should be noted that there are alternative hypotheses for the apparent tonic contribution of rod photoreceptors to the human PLR. First, it is possible that dark adapted rods in the peripheral retina were being unintentionally stimulated due to intraocular light scatter. However, our control experiments strongly suggest that this is not the case (see Section 3.5). Second, it is possible that melanopsin acts as a bistable photopigment such that previous exposure to certain wavelengths of light could potentially potentiate subsequent responses, thus skewing our spectral sensitivity measurements. However, our spectral sensitivity experiments were conducted in such a way as to minimize the influence of a bistable photopigment (see Section 2.4), and therefore it seems unlikely that this potential effect confounded our data. Furthermore, although studies investigating NIF behavior, including the PLR, provide evidence that melanopsin is a bistable photopigment (Mure et al., 2007 (Mure et al., , 2009 ), other studies in rodents do not support this suggestion (Do et al., 2009; Mawad & Van Gelder, 2008) .
Relative contribution of cones to the human PLR
Although it appears that rodent retina is becoming the preferred model for in vitro recording of ipRGCs (Wong et al., 2007) , the close overlap in spectral sensitivity between rodent rods and M-cones, 498 nm and 508 nm, respectively (Aggelopoulos & Meissl, 2000; Lucas et al., 2001; Thompson et al., 2008) combined with the lower cone to rod ratio (100:1) of the rodent retina (Szel & Rohlich, 1992 ), make it difficult to assess the relative contribution of cone photoresponses to ipRGC physiology. Thus, previous rodent studies addressing the relative contribution of rod, cone, and melanopsin photoresponses to ipRGC physiology and NIF visual function generally make no distinction between rod and cone photoresponse, and group them together as outer retinal inputs Guler et al., 2008; Hattar et al., 2003; Lucas et al., 2003; Panda et al., 2002 Panda et al., , 2003 . Given the larger spectral distinction between primate rods (498 nm) and M-and L-cones (533 nm and 564 nm, respectively) (Dowling, 1987) as well as the higher cone to rod ratio compared to rodents, (20:1) in humans (Curcio, Sloan, Kalina, & Hendrickson, 1990 ) and non-human primates (Finlay et al., 2008) , human and non-human primate studies may be better suited to address the roles of rods and cones in NIF visual functions.
In the present study we determined that L-and M-cone driven influences on the human PLR rapidly adapt, losing $3 log units of sensitivity within 100 s of light onset, and therefore do not contribute significantly to maintenance of pupillary constriction at any intensity of steady-state light stimuli. In vitro recording of primate ipRGCs by Dacey et al. (2005) was also able to address the relative contribution of cone photoresponses to ipRGC physiology. This study provided evidence that the L-and M-cone signals driving the ON response quickly adapted to steady-state light stimuli. The findings of the present study match well with these conclusions. These findings suggest that cone photoresponses have little impact on NIF visual behavior in primates, although there is evidence for involvement of UVS-cones in murine NIF behavior (Thompson et al., 2008) .
Relative contribution of the melanopsin photoresponse to the human PLR
Very few studies have examined the relative contribution of the melanopsin photoresponse to ipRGC physiology and NIF behavior with outer photoreceptors signals still intact. It is becoming increasingly clear that the relative contribution of the melanopsin photoresponse to these behaviors is quite different when outer retinal influences remain viable (see discussion in Thompson et al., 2008) . In the present study we determined that the melanopsin photoresponse indeed acts to compensate for the adaptation of outer retinal photoreceptors and maintain pupillary diameter in steady-state lighting conditions at a wide range of photopic irradiances. Given the ''winner take all" nature of the contribution of the melanopsin photoresponse to the human PLR, as light intensity increases or the spectral nature of the light is increasingly influenced by short wavelengths, the melanopsin photoresponse becomes the dominant photoreceptive influence on the human PLR.
4.5.1. The influence of light adaptation of the melanopsin photoresponse on the human PLR Few studies have addressed the light adaptation of the melanopsin photoresponse of ipRGCs; therefore relevant data generated in the current study are of more consequence. Prior to the discovery of ipRGCs, a series of papers by Takahashi (1991, 1999) suggested that circadian entrainment was driven by a short wavelength photopigment, which resisted light adaptation and was capable of integrating light signals over tens of minutes. Sub-sequently, many of these findings have been confirmed; namely, the spectral sensitivity of the photopigment involved Dacey et al., 2005; Hattar et al., 2003; Lucas et al., 2001) as well as its ability to integrate light signals over time (Dacey et al., 2005; Gamlin et al., 2007; Hut, Oklejewicz, Rieux, & Cooper, 2008) . Conversely, a study by Wong et al. (2005) found evidence for light adaptation in whole cell recordings of ipRGCs utilizing saturating light stimuli. Due to the inherent cellular disruption of this technique and the requisite blockade of outer retinal photoreceptive inputs to the cells, these results required further validation.
The results of the current study in regards to the light adaptation of the melanopsin photoresponse of ipRGCs are more consistent with the finding of Wong et al. (2005) than that of Takahashi (1991, 1999) . We found evidence for light adaptation of the melanopsin photoresponse to steady-state light steps in both experiments 1 and 3 ( Fig. 7A and C) . However, the results of experiment 3 provide the most reliable data on the kinetics of the adaptation. Our findings suggest that the rate of adaptation of the contribution of the melanopsin photoresponse to the human PLR is similar to that of rods, with a time constant of $8 s. However, the data of experiment 3 indicate that the overall loss in sensitivity due to light adaptation of the melanopsin photoresponse (0.4 log units) is far less than the loss in sensitivity found in either the rod or cone photoresponses (0.7 and 1.6 log units, respectively).
The influence of light integration of the melanopsin photoresponse on the human PLR
We found no evidence of the light integrating capacity of the melanopsin photoresponse during steady-state light exposure at the stimulus durations studied. This effect has been shown in a number of studies, but only following the cessation of light stimuli Dacey et al., 2005; Gamlin et al., 2007; Wong et al., 2007) . Our results suggest that the melanopsin photoresponse may act as a leaky integrator during steady-state light exposure. Alternatively, the integrative function of the melanopsin photoresponse may be intensity dependent as the irradiances of the stimuli in the current study are less than those that produced a significant integration in previous studies of both the PLR , and in vitro cellular recordings Dacey, Peterson, Robinson, & Gamlin, 2003; Wong et al., 2007) . 4.6. Relative contribution of rod, cone, and melanopsin photoresponses to the dynamics of the PLR Historically, many models of human PLR dynamics have been proposed by various research groups. A common characteristic of all these models are the parallel input of tonic and phasic signals driving pupillary constriction in response to light stimulation. Two of these models postulated independent visual processes driving the phasic and tonic portions of the response (Clynes, 1961; Kimura & Young, 1995; Kohn & Clynes, 1969; Young et al., 1993) . Other more biometric theories of PLR dynamics did not explicitly specify the visual processes driving the phasic and tonic signals driving the response (Privitera & Stark, 2006; Sun, Krenz, & Stark, 1983) . These models of PLR dynamics were proposed to explain a fundamental feature of the behavioral dynamics of the PLR, which is characterized by an initial robust transient constriction at light onset followed by pupillary dilation to a larger pupil diameter which is then sustained for the remainder of the light stimulus. An example of this phenomenon can be seen in the red and green traces in panels C and D of Fig. 1 . This behavior is often termed ''pupillary escape" and until the discovery of the response properties of ipRGC, the visual processes driving this behavior were poorly understood.
The present study provides the first quantitative description of the relative influences of rod, cone, and melanopsin photoresponses on pupillary escape and other aspects of human pupillary dynamics. Given the previous models describing the transient and sustained nature of pupillary behavior and the phasic and tonic response properties of ipRGCs, it was initially assumed that the transient portion of the PLR was driven exclusively by rods or cones and the sustained portion was driven solely by the melanopsin photoresponse at photopic irradiances (Kawasaki & Kardon, 2007; Young & Kimura, 2008) . The findings of the present study suggest that this generalization may be too simplistic. It is clear that at low photopic irradiances (experiments 1 and 2), maintenance of steady-state pupil diameters is seen in the absence of any contribution of the melanopsin photoresponse (see Fig. 1C ). At these irradiance levels and stimulus durations, pupillary escape is seen and can be explained exclusively by the exponential decay of the outer retinal photoreceptor signals. For longer duration stimuli at these same irradiance levels, a more extensive pupillary escape is seen, especially in response to long wavelength light (e.g. Fig. 1D and E). Even for these long duration stimuli, the sustained portion of the response is not mediated solely by the melanopsin photoresponse, but is also augmented by outer receptor inputs in response to long wavelength lights. Interestingly, a recent study by Kardon et al. (2009) demonstrates how the unique response dynamics of the human PLR can be successfully utilized as a diagnostic tool for the discrimination of retinal diseases of the inner and outer retina.
